in the presence of noise. Based on the theory that pupil size reflects dynamic changes in alertness and arousal 138 (Aston-Jones & Cohen, 2005) and the assumption that a reduced state of arousal is a component of fatigue 139 (Hockey, 2013) , monitoring within-trial changes in pupil size may reveal fatigue-related changes as a result of 140 sustained listening in noise. 141
The aim of the present study was to investigate RT and pupillometry as potential markers of listening-142 related fatigue. A Speech-Picture Verification (SPV) task, used widely in the experimental psychology literature 143 (Zwaan, Stanfield, & Yaxley, 2002) , was adapted to include short passages. Two listening conditions were 144 created ('easy' and 'hard') with contrasting SNRs (+15 dB SNR and -8 dB SNR, respectively). For each trial, 145 participants were presented with a narrative speech passage and were then asked to respond to an image 146 indicating (by pressing 'yes' or 'no' on a remote control) whether it corresponded to an object mentioned in the 147 preceding passage. RTs for correctly-responded items were automatically recorded and analysed as a 148 behavioural marker of fatigue. Pupil size was also recorded (while listening to the passage) as a physiological 149 marker of listening-related fatigue. Finally, self-report effort and fatigue scales were administered to assess their 150 sensitivity to changes in listening task demand. We hypothesised: 151 i.
A steeper within-trial decrease in pupil size in the 'hard' versus the 'easy' condition, which is 152 more pronounced in the 2 nd versus the 1 st half of the listening condition block (i.e., a 153 Condition x block 'Half' interaction); reflecting increased listening-related fatigue during 154 sustained listening. 155
ii.
A steeper RT increase across trials in the 'hard' versus the 'easy' listening condition; 156 reflecting the behavioural marker of listening-related fatigue, as in Hornsby (2013) . 157
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iii.
Higher self-report effort and fatigue ratings in the 'hard' versus the 'easy' listening condition, 158 reflecting the increased subjective experiences of effort and fatigue in the more challenging 159 SNR, as in Zekveld et al. (2010) . Auditory stimuli were presented through two speakers placed on either side of the computer monitor, at 45° and 177
315° azimuth. 178
Pupil size was recorded using an Eyelink 1000, with a sampling rate of 1000 Hz. Pupil size was 179 recorded as an integer number, in arbitrary units, and is related to the number of pixels in the pupil image (i.e., 180 the number of pixels contained within the camera's pupil image). Typical pupil area can range between 100 to 181 10000 units, with a precision of 1 unit. This corresponds to a resolution of 0.01 mm for a 5 mm pupil diameter. pigeons in the trees'), and the final sentence refers back to the target noun using a pronoun referent (e.g., 197
'Fortunately, he managed to catch a glimpse of one perching in its nest'). All speech stimuli were recorded by a 198 native British English female speaker. Comprehension difficulty was assessed using the Flesch reading ease 199 scale, a commonly used metric that analyses the statistical properties of a speech extract in contemporary 200
English. The speech material had a mean Flesch reading ease score of 75.9, and a Flesch-Kincaid Grade level of 201 6.6 (i.e., suitable for individuals aged 10 years or older) (Kincaid, Fishburne Jr, Rogers, & Chissom, 1975) . 202
Two lists of speech-picture pairs (List A and List B) were compiled, using a Latin-squares 203 experimental design (i.e., the same speech materials used in the 'easy' condition in List A were used in the 204 'hard' condition in List B, etc.). Using a Latin-squares design makes it unlikely that certain experimental details 205 (e.g., lexical frequency, audibility of target object name) can have any systematic effect on the results with 206 respect to the comparisons of interest between easy and hard listening conditions. Participants were randomly 207 allocated to one of the two item lists. Each list contained 46 'yes' responses (i.e., the object depicted in the 208 picture was mentioned in the passage) and 46 'no' responses (i.e., the object depicted in the picture was not 209 mentioned in the passage). Of the 46 'yes' response speech-picture pairs, 40 included the target object (i.e., the 210 object depicted in the image) in the second sentence. For the other six items, the target object was mentioned in 211 either the first or last sentence. These six items were included to encourage participants to attend to the whole 212 mixed with the speech stimuli to create two listening conditions ('easy' and 'hard'). The SNR for the 'easy' 219 listening condition was + 15 dB. The SNR for the 'hard' listening condition was -8 dB. These SNRs were 220 chosen based on the performance of normal hearing participants in a pilot study, which revealed that ≥ 90% 221 accuracy was achieved across both conditions, but with participants reporting greater subjective difficulty in the 222 'hard' condition. Root-mean-square (rms) values were adjusted for each speech and noise file to set the desired 223 SNR, while equalising the overall power between conditions. Overall output level for both listening conditions 224 was fixed at 65 dB (A). Four practice trials were created; two in each listening condition. 225 226 Self-report ratings. Participants completed self-report 'effort' and 'fatigue' ratings after each listening 227 condition block. To assess 'effort', we used the following item from the NASA task load index; 'How hard did 228 you have to work to accomplish your level of performance?' (Hart & Staveland, 1988 ). This particular scale has 229 previously been used in the literature to assess perceived listening effort (Bologna, Chatterjee, & Dubno, 2013 ; 230 Mackersie & Cones, 2011) . Underneath this instruction was a Likert scale with 21 increments (1 = 'very low', 231 20 = 'very high'). To assess mental fatigue, we used a subscale of the fatigue Visual Analog Scale (VAS) (Lee, 232 Hicks, & Nino-Murcia, 1991) to include fatigue-related items only (13 in total). For each item, individuals 233 indicated on a scale of 0 -10 how 'tired', 'drowsy', 'fatigued', etc. they felt (0 = not at all, 10 = extremely). 234
Fatigue scores were calculated as the mean of all 13 items in the questionnaire. This Likert-style version of the 235 scale was chosen as it is easier to administer and score than the original VAS. 236
237

Design and Procedure 238
In order to assess the onset of mental fatigue over time, this experiment implemented a blocked design, i.e., 239 participants completed a block of trials in one condition (e.g., 'easy') followed by a block of trials in the other 240 respond as quickly and accurately as possible'. In the event that no response is given after a period of ten 258 seconds, the subsequent trial begins automatically (i.e., participants are given the prompt 'Press any key to 259 continue'). Missing value samples (e.g., due to blinking) were removed from the analysis, and these points were 291 linearly interpolated across using data from previous and subsequent samples. A paired t-test revealed no 292 significant difference in blink rates between listening conditions (p > 0.05). Any trials that included > 50% 293 missing data points were removed from the analysis. This resulted in the removal of 125 trials across all 294 participants (5.6% of all trials in the dataset). Like Kuchinsky et al (2013), a within-trial scaling method was 295 used in order to ensure consistent normalisation across both trials and participants. Each data point was divided 296 by the mean of the entire trial for each participant. This method controls for any scaling variability in the data. 297
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Mean pupil size during the one second of noise-alone presentation preceding speech-onset was used as the 298 baseline for each trial. All data were then baseline-corrected (i.e., each trial's baseline value was subtracted from 299 every data point in that trial). Pupil size fluctuations seen in the data therefore reflect relative changes from 300 baseline for each participant and each individual trial. The pre-processed time series data were then averaged 301 providing a mean pupil size sample for every 500 ms of the analysis for each participant in each condition 302 ('easy' and 'hard') and each half of the listening condition block ('1 st ' and '2 nd '). This time window was chosen 303 based on the predicted slow latency change in the pupil slope over time (in the order of 1-2 seconds) (Beatty, 304 1982 ANOVA approaches, GCA: (i) does not require a trade-off between statistical power and temporal resolution by 310 using 'binned' samples, (ii) eliminates potential experimenter bias (e.g., allocating time windows in an arbitrary 311 fashion for analysis), and (iii) provides a method for quantifying individual differences (Mirman, 2014) . 312
The pupil response over time does not always take a linear form (Kuchinsky et (optimal) random effects structure included the highest order interaction term of interest across both subjects 334 and items. Specifically, both subjects and items were allowed to vary in the highest order interaction effect of 335 interest (i.e., Subject x Condition x Half) for each of the polynomial time terms (e.g., intercept, linear, quadratic, 336 and cubic). Subjects were also allowed to vary for each fixed effect polynomial time term (i.e., the overall 337 curvature of their pupil response, across Condition and Half, was allowed to vary)
1 . The inclusion of random 338 effect terms that correspond to the effects of interest results in a more conservative estimate of the fixed effects 339 (Barr, 2013; Mirman, 2014) . Parameter estimates are reported using maximum likelihood estimation. 340
In order to assess the impact of our experimental manipulations (Condition and Half) on the fixed 341 effect polynomial time terms, a best-fitting model was determined using backwards elimination model testing. 342
The ultimate analysis used a third-order (i.e., cubic) polynomial model. The intercept through cubic components 343 captures the extent and timing of the primary inflection (i.e., peak response) as well as the steepness of the 344 subsequent slope. As these were the components of the pupil response of theoretical interest, we did not attempt 345 to add higher-order terms (quartic, quintic, etc.) to the model. Like press response. Shapiro-Wilk tests revealed that data were not normally distributed (p < .05). All RT data were 360 log-transformed to approximate a normal distribution before statistical analysis. A Shapiro-Wilk test revealed 361 that the log-transformed data were normally-distributed (p > 0.05). To examine behavioural markers of mental 362 fatigue, the same GCA approach was applied to the log-transformed RT data across experimental trials. 363
Incorrect trial responses were coded as missing values in the analysis. Changes in RT over the course of trials 1 364 -46 within each listening condition block were analysed. The same random effects optimisation and model 365 testing procedures were used as is described above. The ultimate analysis used a second-order polynomial, 366 including linear and quadratic components. The linear component was included to capture the predicted steeper 367 increase in RTs over time in the 'hard' versus the 'easy' listening condition. The quadratic component was 368 included to capture a potential U-shaped response curve reflecting an initial improvement in RTs (i.e., practice 369 effect) followed by a rising slope in the latter stages of the block (i.e., fatigue effect). Participant means (i.e., 370 intercepts) were allowed to vary as well the Subject x Condition interaction for intercept, linear, and quadratic 371 components. 372 373 Self-report. Given the rank-based nature of self-report ratings, a Wilcoxon signed ranks test was 374 conducted to test whether subjective effort and fatigue ratings differed significantly between listening 375 conditions. 376 377
Results
378
Pupillometry 379 Table 1 
Individual differences 413
Random effect estimates indicate how much an individual's value in each condition differs from the group mean 414 (in that same condition). We were therefore able to use random effect estimates to compute effect sizes for each 415 subject. For example, we subtracted the random effect estimate of how much an individual's pupil size 416 decreased over time (i.e., the linear term) in the 'easy' condition from the 'hard' condition in the 2 nd half of each 417 block only (reflecting the 'fatigue' effect). The same method was used for computing pupillometric 'effort' 418 effect size estimates (i.e., subtracting 'easy' from 'hard' on the intercept term for the shorter 2500 ms model), 419 and RT intercept effect sizes (i.e., subtracting 'easy' from 'hard' on the intercept term in the RT random 420 effects). This method provides a way to quantify how individuals vary from the overall group (i.e., fixed effect) 421 pattern (Mirman, 2014) , and permits the analysis of how the strength of these effects co-vary and relate to other 422 outcome measures (Kuchinsky et al., 2014) . Effect size estimates for self-report effort ratings were computed by 423 subtracting each subject's 'easy' condition effort rating from their 'hard' condition effort rating. Table 1 ) suggests that pupil size may reflect 456 changes across the duration of an experiment relating to the onset of mental fatigue. Using a listening task with 457 extended speech material permits the analysis of mental fatigue, and may better capture the fatigue associated 458 with everyday listening for individuals with hearing loss compared to more commonly-used speech recognition 459 tasks. In the second half of each trial block, a reduction in pupil size below baseline occurs to some extent in 460 both listening conditions. This is consistent with the idea that, in both conditions, participants experience 461 the hard versus the easy listening condition. We found no significant differences in RT change over time 484 between listening conditions. Upon visual inspection of the data (see Figure 2) , there does appear to be a 485 decrease (i.e., speeding) of RTs in the middle of the 'hard' listening condition block (between trials 17 -36). 486
However, GCA did not reveal a significant difference between listening conditions on the quadratic (i.e., U-487 shaped curve) term. We suggest that this trend in the data may reflect an initial practice effect (i.e., participants 488 become faster at providing responses as they get used to the task) followed by a more delayed effect of mental 489 fatigue (i.e., participants can no longer sustain this level of performance due to fatigue, and therefore RTs 490 increase). However, this interpretation remains speculative given the lack of statistical significance. There was a 491 Self-report effort and fatigue rating scales were administered to participants following each listening condition 499 block. Although Hornsby (2013) reported behavioural evidence of fatigue in his study, no differences were 500 detected in self-report fatigue using a 1-item scale. We opted to use a more comprehensive 13-item mental 501 fatigue rating scale to detect differences in self-report fatigue following each listening condition block. 502
Participants reported significantly greater 'effort' in the hard versus the easy listening condition. However, no 503 significant difference was detected in self-report fatigue. In other words, although participants found the hard 504 condition more effortful than the easy condition, they reported no differences in fatigue. One possibility is that 505 participants simply did not experience subjective fatigue during this particular task. It is possible that the 506 physiological changes measured using pupillometry did not reach participants' conscious awareness. Indeed, it 507 has been shown that executive processes and awareness of such processes (i.e., the perception of 'effort') during 508 difficult task conditions may have their bases in different neural regions (Naccache et al., 2005) (as opposed to their performance accuracy). In other words, participants who showed less of a RT discrepancy 533 between conditions (i.e., RTs were maintained at a relatively fast speed in the 'hard' condition) did so at the 534 expense of increased levels of perceived effort. Another potential explanation is that some individuals may 535 simply have tried harder (resulting in higher effort ratings), and consequently had faster reaction times in the 536 hard condition (i.e., they were less different from the easy condition). This unexpected relationship highlights 537 the importance of: (i) using an independent (in this case, physiological) measure in research studies, and (ii) 538 being careful to ensure that self-report questions directly address the construct of interest (i.e., the 'effort' 539 required to maintain accurate performance). 540 541
Limitations and Future research 542
The high levels of performance accuracy observed in the current study may lead one to question whether the 543 physiological changes observed are a reflection of participant boredom, which may present itself in a similar 544 manner to fatigue (e.g., reduced arousal). However, if participants were experiencing boredom, one would 545 expect to observe either of the following two effects: (i) a similar pattern of decreased physiological arousal 546 across both listening conditions (i.e., not specific to the 'hard' condition), or (ii) a more pronounced reduction in 547 physiological arousal in the less challenging (and consequently more 'boring') condition. The observed decrease 548
Page 20 of 1726 Psychophysiology Psychophysiology in physiological arousal specifically in the more challenging ('hard') condition makes this interpretation 549 unlikely and lends support to the idea that participants are experiencing a reduction in physiological arousal as a 550 result of sustained listening demands. 551 G i v e n t h e h i g h l e v e l o f p e r f o r m a n c e a c c u r a c y i n b o th listening conditions during both pilot testing and 552 the actual experimental data, we did not test the hypothesis that there would be a difference in the change in 553 performance accuracy across trials. However, it is known that decrements in performance accuracy may occur 554 as a result of fatigue during a cognitive task (Hockey, 2013) . We found no significant main effect of block half 555 (F = 1.255, p = 0.27), and no interaction between listening condition and block half (F = 0.489, p = 0.49). In 556 other words, we found no decline in performance accuracy as a function of listening condition. It therefore 557 appears that the physiological change observed in the more challenging listening condition occurred at the 558 expense of maintaining correct performance accuracy. 559
T h e o n e s e c o n d o f n o i s e -a l o n e p r e s e n t a t i o n p r e c e d i ng speech onset was used as a baseline in this study 560 in order to delineate the pupil response during listening to speech in noise from any physiological response to 561 the presence of noise alone. However, it is possible that the contrasting pupil response slopes observed in the 562 data may have been influenced by differences between conditions in pupil size in response to the noise-alone 563 presentation used as a baseline. In order to address this concern, we analysed the impact of listening condition 564 and block half on pupil size during the one second of noise-alone presentation. We found no significant main 565 effect of listening condition, F (1, 23) = 0.582, p = 0.45, nor any interaction between listening condition and 566 block half, F (1, 23) = 1.994, p = 0.17. This suggests that the choice of baseline did not influence the pupil 567 response difference that we found between listening conditions. 568 G i v e n t h e l a r g e S N R d i f f e r e n c e b e t w e e n l i s t e n i n g c onditions used in the present study (23 dB), future 569 research could explore the extent to which pupillometric markers of mental fatigue are sensitive to more subtle 570 differences in SNR as well as other factors (e.g., reverberation, accented speech). Certain cognitive factors (e.g., 571
working memory span) are believed to predict hearing aid success and successful speech understanding in noise 572 The current study set out to measure within-trial physiological changes while listening to a speech 579 passage as it unfolds. Previous research has identified a reduction in the task-evoked pupil response during a 580 visual working-memory task as a potential marker of fatigue (Hopstaken, et al., 2015) . The extent to which 581 changes across trials in the task-evoked pupil response during a listening task reveal information about fatigue 582 remains an important question for future research. The listening task used in the present study involved speech 583 passages between 13 -18 seconds duration. Although the location of the target word within a passage was 584 periodically varied, it was most frequently mentioned around the middle of the passage (i.e., the second 585 sentence). The question over whether or not there is a change over time in processing load (i.e., the task-evoked 586 pupil response) could be empirically tested by using shorter duration auditory stimuli (e.g., word or sentence) 587 that are time-locked to the canonical task-evoked pupil response. This response typically occurs within two 588 seconds of stimulus onset. 589
590
Conclusions 591
The present study provides evidence of a potential physiological marker of mental fatigue during a listening 592
task. An objective measure of listening-related fatigue could help to provide a more comprehensive 593 understanding of the disability associated with hearing loss. Physiological measures may serve an important role 594 in detecting the potentially damaging effects of fatigue. A sensitive and reliable measure of listening-related 595 fatigue may also be used in the audiology clinic as a measure of benefit from hearing devices and other types of 596 intervention (e.g., auditory training). A better understanding of the prevalence of fatigue associated with hearing 597 loss will ultimately help to remediate this problem by identifying appropriate intervention treatments for 598 
